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INTRODUCTION
The surprising discovery of the accelerated expansion of the Universe was based on observations of Type Ia supernovae (SNe Ia; Riess et al. 1998; Perlmutter et al. 1999) . Understanding the underlying cause of this "dark energy" ranks as one of the critical tasks of contemporary physics. SNe Ia remain the most direct probes and when combined with complementary techniques, such as cosmic microwave background and baryon acoustic oscillations, provide crucial limits on the dark energy equation of state parameter (e.g., Betoule et al. 2014; Scolnic et al. 2018) .
SN Ia cosmology has however reached an impasse. It is currently limited by systematic errors (e.g., Conley et al. 2011; Suzuki et al. 2012 ) and increasing the sample size does not improve the situation. Despite years of significant efforts, making progress in reducing these errors has proven difficult. While shifting observations to the near-infrared (NIR) is technically more challenging (e.g., more affected by telluric absorption and fewer high precision photometric standards), it offers a promising way forward in two separate respects: 1) by effectively circumventing the empirical relations that SN Ia cosmology relies upon, such as, dust laws and luminosity-light-curve-shape relations, and 2) by systematically exploring the NIR window to understand the physics of these explosions.
While SNe Ia are "standardizable" candles in the optical following the width-luminosity relation, in the sense that fainter SNe Ia have faster declining light curves (Phillips 1993) , they are close to being standard candles in the NIR (e.g., Krisciunas et al. 2004; Folatelli et al. 2010; Kattner et al. 2012) . Fainter SNe Ia also have lower temperatures radiating a higher percentage of their energy at redder wavelengths. This effect serendipitously creates a regulating mechanism, which produces near constant peak magnitudes in the NIR (Kasen 2006) . Shifting observations to the rest-frame NIR reduces our reliance on an empirical width-luminosity relation. Furthermore, color corrections due to dust and any systematic errors associated with these are much smaller in the NIR compared to the optical, avoiding the reliance on uncertain dust extinction laws.
There is a consensus that SNe Ia are thermonuclear disruptions of carbon-oxygen white dwarfs. However, beyond that, the origins of these explosions are uncertain. The companion star can be a non-degenerate star: a main sequence, helium or red giant star, in a single-degenerate system (Whelan & Iben 1973; Nomoto 1982) or another white dwarf in a double-generate system (Iben & Tutukov 1984; Webbink 1984) . Independent of the progenitor systems, the triggering mechanism is also under debate. For example, when the mass of a carbon-oxygen white dwarf approaches the Chandrasekhar mass, the explosion can be triggered near the center by compressional heating. For this mechanism, a transition of the nuclear flame front from deflagration to detonation ("delayed detonation" or DDT; Khokhlov 1991) appears to match observations well (e.g., Höflich 1995; Wheeler et al. 1998) . Scenarios that trigger explosions in sub-Chandrasekhar-mass white dwarfs have also been proposed. For example, in a "helium detonation" scenario, the surface He layer of a sub-Chandrasekharmass white dwarf is detonated, which in turn drives a shock wave that subsequently detonates near the center of the white dwarf (e.g., Fink et al. 2010) . It is currently unclear whether the population of SNe Ia used for cosmological studies is composed of explosions of a single triggering mechanism (Hoeflich et al. 2017) or multiple (Blondin et al. 2017) . Because of these uncertainties, incorporating or reducing associated systematics is not straightforward.
The NIR carries independent information in both light curves and spectra (e.g., Mandel et al. 2011; Hsiao et al. 2013) . In particular, it is easier to distinguish varying distributions of intermediate-mass elements near maximum and of iron-group elements past maximum in the NIR compared to the optical. The NIR lines have moderate optical depth Höflich et al. 2002) , in contrast to, for example, the often saturated Ca and Si lines in the optical (e.g., Hachinger et al. 2008) . These NIR lines then offer many clues to the physics of these explosions. The approach of the Carnegie Supernova Project (CSP-I) was to emphasize the NIR, and the second phase (CSP-II) was no different.
The CSP-I was an NSF-funded project to obtain optical and NIR light curves of SNe Ia in a well-defined and understood photometric system (Hamuy et al. 2006) . It ran from 2004 to 2009, and followed more than 123 nearby SNe Ia (Contreras et al. 2010; Stritzinger et al. 2011; Krisciunas et al. 2017) , as well as SNe of other types (e.g., Stritzinger et al. 2018) , with rapid cadence and high photometric precision. With this data set, CSP-I established a low-redshift anchor on the Hubble diagram and provided physical insights into these explosions. However, a sizable fraction of the SNe Ia obtained in CSP-I was not in the smooth Hubble flow, and therefore were susceptible to large peculiar velocity errors that are comparable to the intrinsic dispersion we are investigating. The solution is to observe SNe Ia in the Hubble flow, as Barone-Nugent et al. (2012) did for a dozen SNe Ia at 0.03 < z < 0.09. In the H band, they found a very encouraging result of a 0.085 mag scatter in the peak magnitude or 4% uncertainty in distance, even with rudimentary K-corrections applied. More recently, Stanishev et al. (2018) also confirmed the utility of distant SNe Ia in the NIR, using 16 SNe Ia with singleepoch NIR photometric observations out to a redshift of z = 0.183. Their K-corrections were derived from previously published NIR spectra of 10 SNe Ia.
CSP-II was a four-year NSF-supported follow-up program that ran from 2011 to 2015. The main goals were to obtain optical and NIR light curves of a "Cosmology" sample of SNe Ia in the smooth Hubble flow, and to obtain optical and NIR spectra, as well as accompanying optical and NIR light curves of a "Physics" sample of nearby SNe Ia to improve the NIR K-corrections and to improve our understanding of these events. Several instrumental improvements were made between CSP-I and CSP-II, which helped in these goals (see Phillips et al. 2018 for details). The optical imager on the 1-m Swope telescope was upgraded. The RetroCam NIR imager was moved from the 1-m Swope to the 2.5-m du Pont telescope allowing observations of SNe Ia located out in the Hubble flow. Two instruments, both mounted on the 6.5-m Magellan Baade telescope, were newly commissioned at the start of CSP-II: the NIR spectrometer, the Folded-port InfraRed Echellette (FIRE; Simcoe et al. 2013) , and the NIR imager, FourStar (Persson et al. 2013) . During CSP-I, observations with the Magellan telescopes were used to construct a rest-frame I-band Hubble diagram of high-redshift SNe Ia (Freedman et al. 2009 ). In CSP-II, the Magellan telescope observations were entirely dedicated to the low-redshift survey, mainly to obtain NIR spectra with FIRE. Observations ran from October to May, coinciding with the Chilean summer, when photometric conditions are present on > 70% of the nights at the Las Campanas Observatory (LCO).
In this paper, we introduce the NIR spectroscopy program and the "Physics" sample of CSP-II; while in an accompanying paper, Phillips et al. (2018) , a general overview of the CSP-II with emphasis on the imaging observations, is presented. In Section 2, the observations are described, including the instruments used and the reduction methods applied. In Section 3, we describe our sample. In Sections 4 and 5, we describe the use of this sample to improve K-corrections and our understanding of the physics of these explosions, respectively. A summary is then presented in Section 6.
OBSERVATIONS AND DATA REDUCTIONS
In this section, we describe the instrumental settings and data reduction for the main instruments we used to obtain NIR spectra for this program. A wide range of instruments allows the follow up of supernovae at a range of magnitudes. The low-resolution modes of FIRE, GNIRS, and FLAMINGOS-2 are capable of obtaining spectra with S/N 20 of objects brighter than H ∼ 19 − 20 mag. The prism mode of SpeX is capable of reaching the same S/N with objects brighter than H ∼ 17 − 18 mag.
FIRE
As seen in Table 2 , FIRE at the LCO 6.5-m Magellan Baade Telescope was the main workhorse for the CSP-II NIR spectroscopy program. It was newly commissioned and released for general use in the 2010B semester. Three nights of test runs were conducted in 2011A to determine the optimal observational set up for supernovae. Several SNe Ia were observed during the test runs, including the SN 2002cx-like SN 2011ce, although these test observations do not have accompanying CSP-II light curves. The CSP-II began in the 2011B semester.
The majority of FIRE spectra were obtained in the high-throughput prism mode with a 0.
′′ 6 slit. This configuration yields continuous wavelength coverage from 0.8 to 2.5 µm with resolutions of R ∼ 500, 450, and 300 in the JHK bands, respectively. Only a handful of nearby SNe Ia (within 20 Mpc) were observed in the high-resolution echellette mode, which yields a resolution of R = 6000. When acquiring a target, the slit was oriented along the parallactic angle to minimize the effect of differential refraction (Filippenko 1982) . For each science observation, an A0V star close to the science observation in time, angular distance and air mass, was observed as the telluric and flux standard. For each science or telluric observation, several frames (> 4) were obtained using the conventional ABBA "nod-along-theslit" technique. The "sampling-up-the-ramp" readout mode was chosen for the science exposures to reduce the readout noise through the sampling of multiple nondestructive reads. The per-frame exposure time was typically ∼ 2 minutes or shorter, depending on the brightness of the supernova. These exposure times were chosen such that an adequate signal was obtained in each frame without saturating the detector with airglow emissions in the JHK bands and thermal background, mostly affecting the red side of K band. For each science and telluric observation, a spectrum was taken of Ne and Ar arc lamps for wavelength calibration. The "low gain" mode of 3.8 e−/DN for the detector gain setting was always chosen to avoid saturation of the A0V telluric standards which were typically between 10 to 12 mag.
The data were reduced using the IDL pipeline firehose (Simcoe et al. 2013) , specifically designed for the reduction of FIRE data. The pipeline performed steps of flat fielding, wavelength calibration, sky subtraction, spectral tracing, and extraction. Wavelength calibration was done using ∼ 40 Ne/Ar lines, which are evenly spaced out in pixel space. The wavelength solutions typically yielded 2 − 6Å rms dispersion from the blue end to the red end, and a 4Å rms dispersion overall. For the removal of sky lines and background, the background flux was modeled using off-source pixels as described by Kelson (2003) and subtracted from each frame, instead of the conventional A-B pair subtractions. This step removed the host galaxy background in the cases of moderate host contamination. No further steps were taken to subtract host galaxy light. The spectral extraction was then performed using the optimal extraction technique (Horne 1986 ), a weighting scheme that maximizes S/N ratio while preserving spectrophotometric accuracy. We took advantage of the multiple spectra to perform sigma clipping to reject spurious pixels, and also to produce an error spectrum by computing the standard deviation at each pixel. Individual 1D spectra were then median combined. Corrections for telluric absorptions were performed using the IDL tool xtellcor developed by Vacca et al. (2003) . To construct a telluric correction spectrum free of stellar absorption features, a model spectrum of Vega was used to match and remove the hydrogen lines of the Paschen and Brackett series from the A0V telluric standard. The resulting telluric correction spectrum was also used for flux calibration, given the magnitudes of the A0V star from the Simbad database.
We used the FIRE spectra of SN 2012fr and its Y JH light curves from Contreras et al. (2018) to assess the spectrophotometric accuracy of our flux calibration. With 13 epochs of simultaneous NIR spectra and light curves, we obtained a median of the differences between the colors from spectra and photometry of 0.08 and 0.03 mag for each of Y − J and J − H colors, respectively. This is comparable to the precision obtained in optical spectra (e.g., Silverman et al. 2012) . The spectrophotometric errors in the NIR are expected to be larger since the A0V standard stars are used as both telluric and flux standards.
In the high-throughput mode of FIRE, since the disperser includes prisms, the spacing in wavelength is not constant; rather, the logarithm of wavelength yields approximately constant spacing. As a consequence, the spectral resolution drops from blue to red. Note however that the detector pixels are efficiently used, since the supernova features are sampled roughly constantly in velocity space throughout the entire 0.8 to 2.5 µm wavelength coverage. Because of the non-linear wavelength spacing, we chose not to record the wavelength vector of a prism with only the first wavelength element and a wavelength spacing given in the header. Instead, the spectra were saved with wavelength, flux, and flux error at each of the 2048 detector pixels.
A quick reduction pipeline was also developed for the FIRE high-throughput mode and installed at the Magellan Baade Telescope. The quick reduction pipeline is a wrapper to the firehose pipeline, and uses archival flats, arcs and telluric spectra to automate the entire process. Since firehose does not require AB pairs for background subtraction, a quick spectrum can be produced upon the completion of a single observation. Processing of a single frame takes ∼ 1.5 minutes. This is shorter than the typical per frame exposure time of ∼ 2 minutes (without overhead). We could therefore pro-cess each frame on the fly. The 1D spectra from ABBA frames were then stacked. The quick reduction spectra typically have poor telluric correction, as there is currently no sophisticated algorithm to select or adjust an archival telluric spectrum.
The quick reduction pipeline serves several important functions. It offers the observer a check of the S/N ratio after each successive frame and eliminates the guesswork in the number of frames required to reach the desired S/N ratio. This has been shown to be a substantial time saving measure and increased the number of targets observed per night by two-to three-fold. The quick reduction also offers the observer a check of the identity of the target under the slit within the first two frames of observation. In the case of a supernova, the features are identifiable and easily distinguished from the spectra of foreground field stars. Thus, the quick reduction also allows the efficient classification of newly discovered supernovae. Due to the rarity of early-time NIR spectra of supernovae and the valuable information they contain on the outer ejecta, we have made a concerted effort to target newly discovered and often unclassified supernovae with FIRE. With the quick reduction pipeline, FIRE becomes an efficient classification machine. Typically, a spectrum is produced from the pipeline within five minutes of acquiring the target. The S/N ratio for a singleframe NIR spectrum is usually not adequate for science, but is often adequate for classification. Based on this, we can then decide to stay on the target or move on if the supernova does not meet our criteria for follow up. In four years, 44 supernovae were classified using FIRE by CSP-II. The SNe Ia classified by FIRE are listed in Table 1 . All classifications were immediately reported to either or both the Astronomer's Telegram (ATel) and the Central Bureau Electronic Telegrams (CBET).
GNIRS
Spectra observed with the Gemini Near InfraRed Spectrograph (GNIRS; Elias et al. 2006 ) on the 8.2-m Gemini North telescope were taken in the crossdispersed mode, in combination with the short-wavelength camera, a 32 lines per mm grating, and 0.
′′ 675 slit. This configuration allowed for a wide wavelength coverage from 0.8 to 2.5 µm, divided over six orders with a resolution of R ∼ 1000. The observing setup was similar to that described for FIRE observations. Because of the higher resolution for GNIRS, longer per-frame exposure times were used when necessary, between 240 and 300 seconds. The slit was positioned at the parallactic angle at the beginning of each observation. An A0V star was also observed before or after each set of science observations for telluric and flux calibration.
The GNIRS data were calibrated and reduced using the XDGNIRS pipeline, specifically developed for the reduction of GNIRS cross-dispersed data. The pipeline is partially based on the REDCAN pipeline for reduction of mid-IR imaging and spectroscopy from CANARICAM on the Gran Telescopio Canarias (González-Martín et al. 2013) . The steps began with pattern noise cleaning, non-linearity correction, locating the spectral orders and flat-fielding. Sky subtractions were performed for each AB pair closest in time, then the 2D spectra were stacked. Spatial distortion corrections and wavelength calibrations were applied before the 1D spectrum was extracted. Corrections for telluric absorption, and simultaneous flux calibration, were done with the XTELLCOR software package and the A0V telluric standard observations, using the prescription of Vacca et al. (2003) . As a final step, the six orders were joined to form a single continuous spectrum.
FLAMINGOS-2
The FLAMINGOS-2 (Eikenberry et al. 2008 ) data were taken with the Gemini South 8.2-m telescope in long-slit mode with the JH grism and filter in place, in most cases using a 0.
′′ 72 slit width. This setup yielded a wavelength range of 1.0 − 1.8 µm and R ∼ 1000. Again, the data were taken at the parallactic angle with a standard ABBA pattern, and with typical per-frame exposure times of 100 − 300 s. These long-slit data were reduced in a standard way using the F2 PyRAF package provided by Gemini Observatory, with image detrending, sky subtraction of the AB pairs, spectral extraction, wavelength calibration and spectral combination. Telluric corrections and flux calibrations were again determined using the XTELLCOR package.
SpeX
The SpeX ) data obtained with the 3.0-m NASA Infrared Telescope Facility (IRTF) were generally observed in the so-called "SXD" mode, where the spectrum is cross-dispersed to obtain wavelength coverage from ∼ 0.8−2.4 µm in a single exposure, spread over six orders. This setup yielded R ∼ 1200 with the 0.
′′ 5 slit, the one most often used. All observations were taken with the classic ABBA technique, with typical per-frame exposures of 150 s. Further, all observations were taken with the slit oriented along the parallactic angle. As with the NIR data from other spectrographs presented in this work, a A0V star was observed before or after the science observations for flux and telluric calibration. All SpeX data were reduced using the publicly available Spextool software package (Cushing et al. 2004 ).
This reduction proceeded in a standard way, with image detrending, order identification and sky subtraction using the AB pairs closest in time. Corrections for telluric absorption utilized the XTELLCOR software and A0V star observations (Vacca et al. 2003) . After extraction and telluric correction, the 1D spectra from the six orders were rescaled and combined into a single spectrum.
SAMPLE CHARACTERISTICS
We obtained NIR spectra for SNe Ia in the CSP-II Physics sample to further our understanding of the origins of these explosions and to improve NIR Kcorrections. The main difference between the Cosmology and Physics samples is the host galaxy redshifts. We selected SNe Ia in the Hubble flow for the Cosmology sample, while SNe Ia in the Physics sample were required to be nearby or bright enough for high signal-tonoise (S/N), NIR spectroscopic follow up, at least until approximately one month past maximum. For a normal SN Ia this effectively placed an upper redshift limit at the edge of the Hubble flow, z ∼ 0.03 − 0.04. Thus, the Cosmology and Physics samples are mostly independent, although there are 21 objects which belong to both samples. In total, there are 125 and 90 objects in the Cosmology and Physics samples, respectively. Details of the NIR spectroscopy sample are tabulated in Table 1 , and the details of the Cosmology and Physics samples can be found in Phillips et al. (2018) .
There are other differences between the samples. For SNe Ia in the Physics sample, we obtained the BV and ugri light curves with the Swope telescope and Y JH with du Pont and Magellan whenever possible; whereas for those in the Cosmology sample, observations for u, g and sometimes H bands were excluded, since these objects required considerably longer exposure times. SNe Ia in the Cosmology sample were drawn almost entirely from "blind" transient searches to minimize any bias toward more massive galaxies. These were wide-field and untargeted searches, such as the Palomar Transient Factory (PTF; Law et al. 2009 ), the intermediate Palomar Transient Factory (iPTF) and the La Silla Quest Low-Redshift Supernova Survey (Baltay et al. 2013) , as opposed to targeted searches where a sample of pre-selected galaxies was monitored. SNe Ia from the Physics sample were drawn from both targeted (31 SNe Ia) and untargeted (59 SNe Ia) searches. For both samples, we generally required that the follow-up observations began before maximum light in the optical. The first estimation of the phase of a SN Ia was usually determined from the classification spectrum using tools like SNID (Blondin & Tonry 2007) , superfit (Howell et al. 2005) or GELATO (Harutyunyan et al. 2008 ), but can sometimes be determined earlier with rising or falling Swope light curves.
The previous largest sample of NIR spectra of SNe Ia came from the pioneering study of Marion et al. (2009) , which consists of 41 spectra obtained from SpeX on the NASA Infrared Telescope Facility (IRTF). Our goal was to improve upon this data set in several key aspects:
1. Larger sample size. Hsiao et al. (2007) characterized the mean optical spectral properties of SNe Ia with ∼ 1000 spectra. The sample size of NIR spectra before CSP-II was two orders of magnitude smaller than that of optical spectra. To not only characterize the mean NIR spectral properties, but also to determine the variation with light-curve shape, the sample size of NIR spectra needed to be drastically increased.
2. Time-series observations. Understanding the time evolution of NIR spectral features is important for both K-correction and physics studies. The Marion et al. (2009) 4. Simultaneous optical spectra. Optical and NIR spectra at the same phase probe different regions in the ejecta Höflich et al. 2002) and help confirm identities of the chemical elements (e.g., Hsiao et al. 2013) . Simultaneous optical and NIR spectra are also lacking in the previous sample.
5. Improved telluric regions. Previous NIR spectra are often marred by the heavy telluric absorptions between the JHK bands, mainly caused by water vapor. These wavelength regions are crucial for computing accurate K-corrections (see Section 4). The key to improved telluric corrections is increased signal in the telluric regions. Large telescope apertures and high-throughput instruments with medium resolution allow for such an improvement.
We outline below how we achieved these improvements over the previous sample.
FIRE was the main workhorse of the CSP-II NIR spectroscopy program. In the prism mode, it is capable of obtaining high S/N ratio ( 20) spectra down to H ∼ 19 mag for early-phase spectra, and down to ∼ 20 mag for the emission-line dominated, nebular-phase spectra. The high throughput of FIRE means that we were able to obtain enough counts under the strong telluric absorption lines to enable telluric corrections in most cases. For example, we recovered the Paα P-Cygni feature, which is located in the region of heavy telluric absorption between H and K bands, with 10% precision or better for 70% of spectra in our Type II sample. In Figure 1 , we show an example NIR time-series observation of SN 2012fr from pre-maximum to nebular phases, obtained entirely with FIRE. At LCO, the observing time is allotted as scheduled nights. In collaboration with the Harvard-Smithsonian Center for Astrophysics (CfA) Supernova Group, we were awarded 70 Baade nights in total during CSP-II. That is on average 3 nights per month and allowed continuous time-series coverage of a large sample of SNe Ia during each Chilean summer. The time series was then supplemented by target of opportunity (ToO) queue mode observations from Gemini, IRTF, and Very Large Telescope (VLT), especially during early phases. Whenever possible, simultaneous optical spectroscopy was obtained mainly at du Pont, Magellan and the Nordic Optical Telescope (NOT). The vast majority of the SNe Ia had rapid-cadence (nightly) optical light curve follow up with Swope before or at the beginning of spectroscopic observations. NIR light curve points were obtained whenever possible with du Pont and Magellan. For a few northern objects, such as SNe 2011fe and 2014J, we relied entirely on northern facilities with NIR spectroscopic capability: Gemini North, IRTF, and the Mt. Abu 1.2-m Infrared Telescope. These objects have no complementary light curves from CSP-II.
The top panel of Figure 2 shows that there are many spectra at all phases relevant for K-corrections and template building ( 100 days past maximum). For a few very nearby SNe Ia, the time series extends to the nebular phase, providing unique physical diagnostics which are described in Section 5. The bottom panel shows that the majority of SNe Ia have two spectra or more, providing the crucial time evolution information important for both explosion physics and K-correction studies. Figure 3 illustrates the characteristics of the SNe Ia observed in the NIR spectroscopy program. Nearly all of the SNe Ia are located within z < 0.05. A few more distant objects have NIR spectra taken for classification only. The vast majority of the SNe Ia have optical lightcurve follow up starting before maximum light, and the sample contains SNe Ia in the full range of light-curve shape parameters s BV (Burns et al. 2014 ) and ∆m 15 (B) (Phillips 1993) , determined using the updated version of SNooPy (Burns et al. 2011) . Altogether, we obtained 661 NIR spectra of 157 SNe Ia. Within this sample, 451 NIR spectra of 90 SNe Ia are in the Physics sample with CSP-II light curve follow up. The list of SNe Ia for which we obtained NIR spectra is given in Table 1. Note that there are several objects which are only in the Cosmology sample. These objects are the most distant objects in our sample, and thus in most cases only have single-epoch low-S/N-ratio NIR spectra. Several objects belong to neither the Cosmology nor Physics samples for the following reasons. Some objects are of the peculiar SN 2002cx-like (e.g. Li et al. 2003; Foley et al. 2013) or "super-Chandrasekhar" (e.g. Howell et al. 2006 ) subtypes, which were excluded from both samples. Other objects do not have CSP-II follow up light curves either because they exploded between ob- (Hsiao et al. 2013 ) and iPTF13ebh (Hsiao et al. 2015) , and a subset of the NIR spectra of SN 2011iv (Gall et al. 2018) , ASASSN-14lp and SN 2014J (Marion et al. 2015; Sand et al. 2016) were previously published.
serving campaigns (e.g., SN 2012cg) or they are northern objects, as mentioned previously (e.g., SN 2011fe). Time-series NIR spectroscopy of other SN types was also obtained, given that the existing samples are even smaller than that of SN Ia and the diagnostics in the NIR are just as powerful. Many NIR spectra of various SN types obtained by CSP-II have already been published in single-object papers: the rebrightening of SN 2009ip (Margutti et al. 2014) , the Type IIb SN 2011hs (Bufano et al. 2014) , the broad-lined Type Ic SN 2012ap (Milisavljevic et al. 2015) , the Type Ib SN 2012au (Milisavljevic et al. 2013) , the Type II SN 2012aw (Dall'Ora et al. 2014) , the Type IIn SN 2012ca (Fox et al. 2015) , the Type IIL SN 2013by (Valenti et al. 2015) , the Type Ib/c SN 2013ge (Drout et al. 2016) , as well as the SN 2002cx-like SN 2012Z (Stritzinger et al. 2015) and SN 2014ck (Tomasella et al. 2016) . Note that SN 2012ca may be a SN Ia interacting with its surrounding circumstellar medium as noted by several studies (Inserra et al. 2014 (Inserra et al. , 2016 Fox et al. 2015) An atlas of the NIR spectra of supernovae of various types is plotted in Figure 4 . The dominant ion species are labeled. The strong Ca II infrared triplet is present in all types of supernovae. Hydrogen Paschen and Brackett series are present in Type II supernovae. Note that Paα is located in the heavy telluric absorption between the H and K bands, therefore Paβ is often selected as the primary diagnostic in the NIR. The two strong NIR He I lines are present in Type IIb, IIn, and Ibn supernovae. One should be cognizant of the proximity between the He I λ1.0830 µm line and Paγ when identifying features in the wavelength region near 1.1 µm. Multiple Mg II lines are dominant in early Type Ia and superluminous supernova (SLSN) NIR spectra. Table 2 shows the total number of NIR spectra taken by CSP-II according to SN type and instrument used. Note that these numbers include classification spectra that do not have accompanying light curves. We discuss our use of FIRE for classification of SN types further in Section 2. For every SN type, this data set of NIR spectra will at least double the existing published sample; and we hope, by opening the NIR window, the data set will further the understanding of each type of supernova.
K-CORRECTIONS
K-corrections account for the effect of cosmological expansion upon measured magnitudes (Oke & Sandage 1968) . As mentioned in the introduction, shifting SN Ia cosmology to the rest-frame NIR has the crucial advantages of largely circumventing the empirical width-luminosity relation and any uncertain dust reddening laws. This method is considered one of the most promising ways to reduce current SN Ia cosmology systematics. The potential of SNe Ia as standard candles in the NIR has been demonstrated in many studies (e.g., Krisciunas et al. 2004; Wood-Vasey et al. 2008; Folatelli et al. 2010; Barone-Nugent et al. 2012; Stanishev et al. 2018; Burns et al. 2018 ). Furthermore, all these studies utilized rudimentary K-corrections based on a small number of spectra. Any low-redshift experiment testing the efficacy of SNe Ia as standard candles in the NIR and any high-redshift experiment in the rest-frame NIR constraining the properties of dark energy will benefit from accurate knowledge of the diversity and time-evolution of NIR spectra.
Preliminary studies of NIR K-corrections yielded the promising result of a K-correction error from the diversity in spectral features of 0.04 mag at z = 0.08 in the Y band (Boldt et al. 2014) , but studies of the other NIR bands were limited by poor telluric corrections. It is only feasible to obtain high S/N ratio NIR spectra for SNe Ia at z 0.03. This redshift range does not allow for the sampling of the entire telluric-obscured regions. Furthermore, our CSP-II Cosmology sample for testing the efficacy of SN Ia cosmology in the NIR has a redshift range of 0.03 z 0.1. This means we are relying solely on the telluric-obscured region of our NIR spectroscopic sample to K-correct the NIR light curves of our Cosmology sample, again emphasizing the importance of telluric corrections. For our FIRE sample, the high-throughput prism mode allows for the collection of enough SN photons under the water vapor absorptions in most cases (see Section 2 for details).
Another key to successful K-corrections is our ability to predict the correct spectral energy distribution with only photometric information. It has been shown that even though there is substantial spectroscopic diversity in both the optical and NIR, defining a mean spectrum eliminates systematic errors and reduces the statistical errors to an acceptable level (Hsiao et al. 2007; Hsiao 2009 ). There is also strong evidence that optical spectral features vary with decline rate (e.g., Nugent et al. 1995) , and indications of the same behavior in the NIR (Hsiao et al. 2013 ). Figure 5 shows that ∆m 15 (B) is a strong indicator of NIR spectroscopic diversity for both near-and post-maximum phases. For example, the strong Mg II λ1.0927µm absorption feature increases in strength as we go from slow to fast-declining SNe Ia (left panel of Figure 5 ). The most prominent feature in the NIR for SNe Ia, the H-band break near 1.5 µm, is shown quantitatively to correlate tightly with ∆m 15 (B) and s BV (right panel of Figure 5 ; Hsiao et al. 2013 Hsiao et al. , 2015 . The accuracy of K-corrections can thus be further improved by characterizing the spectral variation with ∆m 15 (B) or s BV . Our large sample of NIR spectra will, for the first time, adequately fill the parameter space of wavelength (including telluric obscured regions), phase, and light-curve shape parameters.
PHYSICS OF SNe Ia
While the primary goal of the CSP-II NIR spectroscopy data set is to characterize SN Ia K-corrections in the NIR, the same data set is also a valuable resource for studying the physics and the progenitors of SNe Ia. The NIR spectral region has several unsaturated, strong and relatively isolated lines. Furthermore, optical and NIR spectra at the same phase probe completely different regions in the ejecta . Figure 6 shows comparison of spectral features of normal and peculiar SNe Ia in the SN 2002cx-like and the "superChandrasekhar" subtypes. In the optical, the spectral features between normal and peculiar SNe Ia are broadly similar. Indeed, that is why they are all classified as Type Ia. In the NIR, on the other hand, their spectral features are drastically different, revealing possible separate origins. Recent advances in the modeling of this wavelength region are also rapidly expanding the NIR tool set. We summarize some of these diagnostics here. More detailed analysis for each will be presented in forthcoming papers.
Unburned Material via C I λ1.0693 µm
The general consensus for the origin of a SN Ia is the thermonuclear explosion of a carbon-oxygen white dwarf (Hoyle & Fowler 1960) . Since oxygen is also produced from carbon burning, carbon provides the most direct probe of the primordial material from the progenitor white dwarf. The quantity, distribution and incidence of unburned carbon provides important constraints for explosion models. The Chandrasekhar-mass DDT scenario predicts nearly complete carbon burning for normal SNe Ia (Kasen et al. 2009 ) and increasing amounts Figure 4 . An atlas of NIR spectra of various SN types. The dominant ion species are labeled for comparison. The laboratory wavelengths are labeled in microns for reference and also marked on the figure as vertical lines. The supernova name and phase are labeled for each spectrum. The phases are relative to maximum light, except for that of SN 2012aw, which is relative to explosion. The gray vertical bands mark the regions of the strongest telluric absorptions. All spectra shown were taken with FIRE as part of the CSP-II NIR spectroscopy program. Spectra of iPTF13ebh (Hsiao et al. 2015) , SN 2011hs (Bufano et al. 2014 ), SN 2012aw (Dall'Ora et al. 2014 , and SN 2012ca (Fox et al. 2015) were published previously. FIRE spectra of the SLSN-I SN 2015bn and the Type Ibn LSQ13ddu are shown for the first time.
of surviving carbon for fainter SNe Ia (Höflich et al. 2002) . The pulsating class of DDT models also leaves large amounts of unburned carbon, even for normal objects (Hoeflich et al. 1995) . On the other hand, unburned carbon is not expected to survive in the explosions of sub-Chandrasekhar mass white dwarfs, except for a small amount below the outer layer of iron-group elements produced during the surface helium detonation (e.g., Fink et al. 2010 Until recently, the study of unburned material had mainly relied on the optical C II λ0.6580 µm line, which is marred by several selection biases. It is a weak spectral feature situated near the emission component of the strong Si II λ0.6355 µm P-Cygni profile, such that highvelocity carbon may be buried in the silicon absorption and measured velocities suffer from limb variation effects (Hoeflich 1990) . It also tends to fade rapidly after explosion, which makes obtaining a complete sample rather difficult. Surveys of large optical spectroscopic samples found that 20 − 30% of pre-maximum spectra show C II signatures Parrent et al. 2011; Folatelli et al. 2012; Silverman & Filippenko 2012) .
In contrast to the weak and fast-fading nature of the optical C II λ0.6580 µm line, the NIR C I λ1.0693 µm line may be much stronger. Also, it increases in strength toward maximum light for normal-bright objects (Hsiao et al. 2013) . The delayed onset of the NIR C I line may be a manifestation of the recombination from C II to C I as the ejecta expands and cools, and highlights the potential of the NIR C I line to secure more representative properties of unburned material in SNe Ia. With the aid of SYNAPPS , the NIR C I feature has been identified in several SNe Ia with a large range of peak magnitudes (Figure 7 ; Hsiao et al. 2013 Hsiao et al. , 2015 Marion et al. 2015) . While the current number of NIR carbon detections is small, the incidence of carbon appears to be ubiquitous, with the fast-declining, fainter SNe Ia having the strongest C I lines. This preliminary result appears to contradict the claim of Blondin et al. (2017) that fast-declining faint SNe Ia result from the explosions of sub-Chandrasekharmass white dwarfs. However, more detailed analysis is needed to determine whether the small amount of unburned carbon beneath the surface iron-peak layer in sub-Chandrasekhar-mass models can produce the observed carbon features. With the CSP-II sample of ∼ 120 pre-maximum NIR spectra of ∼ 50 SNe Ia, we aim to characterize the properties of unburned material in SNe Ia in an unbiased fashion.
In the sub-Chandrasekhar helium detonation scenario, unburned helium left over from the surface helium layer can potentially produce strong NIR He I λ1.0830 and λ2.0581 µm lines, as we have shown for other supernova types in Figure 4 . Boyle et al. (2017) explored these features, and the possibility of confusion with the C I λ1.0693 µm line. This emphasizes the importance of identifying multiple lines of the same ion when searching for unburned carbon, as was done for SN 1999by (Höflich et al. 2002) and iPTF13ebh (Hsiao et al. 2015) . Note that both of these objects are fast-declining, fainter SNe Ia, which tend to show the strongest C I lines.
Radioactive Nickel via H-band Break
A dramatic shift in the amount of line blanketing from iron-group elements takes place near 1.5 µm and produces the strong H-band break after maximum light . Observationally, SNe Ia are found to have uniform evolution of the H-band features. The H-band break appears at ∼ 3 days past maximum and rapidly increases in strength as the feature formed by iron-peak elements becomes fully exposed at ∼ 12 days past maximum. It then steadily decreases in strength at very similar rates for all SNe Ia out to approximately one month past maximum. The maximum size of the H-band break, when the iron-peak complex is fully exposed, is also found to correlate with the SN Ia light curve decline rate ∆m 15 (B) (Hsiao et al. 2013 ).
The size and velocity shift of the H-band break probes the amount and distribution of radioactive 56 Ni, and the time evolution of the H-band break is related to the amount of intermediate-mass elements acting as the "shielding mass." In the Chandrasekhar-mass DDT scenario, for example, there is an increasing amount of intermediate-mass elements produced with decreasing 56 Ni production; while for the sub-Chandrasekhar-mass He detonation scenario, the 56 Ni production increases with the total mass. Each scenario therefore produces a unique rate at which the H-band complex is exposed and a specific correlation between the strength of the H- band break and ∆m 15 (B). CSP-II has gathered ∼ 300 NIR spectra of ∼ 120 SNe Ia between maximum light and +30 days. We aim to use this sample to confirm the strong correlation with decline rate discovered by Hsiao et al. (2013 Hsiao et al. ( , 2015 with only ten SNe Ia, in addition to improving the measurements of the rate at which the H-band complex is exposed, which is currently poorly constrained.
Companion Signature via Paβ and He I
The nature of the companion star in the progenitor system is still a mystery. The collision between the SN Ia ejecta and the companion may produce detectable signatures that can be used to place constraints on the properties of the companion star (e.g., Kasen 2010), although predictions on whether the signature is detectable may be model-dependent (Cumming et al. 1996) . In particular, if the companion star has a hydrogen or helium-rich envelope in a single-degenerate system, the envelope is expected to be stripped away during the collision and be embedded deep within the low-velocity part of the expanding SN Ia ejecta (Marietta et al. 2000) . This has been suggested to produce Hα in late-time spectra, beyond 200 days. So far, none has been detected in nearby SNe Ia (e.g., Mattila et al. 2005; Shappee et al. 2013; Sand et al. 2018 ). More recently, Maeda et al. (2014) suggested that NIR Paβ companion signature is potentially much stronger than Hα, and appears much earlier. The strong NIR He I lines can also be easily detected (Botyánszki et al. 2018 ). These desirable properties could lead to the first detection of embedded hydrogen or helium stripped from the companion star or at least place stronger constraints on its absence. We published the first searches for the Paβ emission in the NIR. Although these were also non-detections, they placed upper limits of < 0.1 M ⊙ of stripped hydrogen from the companion stars of SNe 2014J (Sand et al. 2016 ) and 2017cbv (Hosseinzadeh et al. 2017) .
Two main challenges for the detection of these so-far elusive hydrogen lines are: 1) viewing angle effects and 2) diversity of the SN Ia feature underneath the hydrogen emissions, both requiring a statistically significant sample. The CSP-II data set with ∼ 100 NIR spectra of ∼ 50 SNe Ia between one and two months past maximum currently is the best data set for such a study.
Neutron Content via [Ni II] 1.939 µm
Recent theoretical studies of SNe Ia undergoing the transition from the photospheric to nebular phase identified a strong NIR emission feature as [Ni II] λ1.939 µm (Friesen et al. 2014; Wilk et al. 2018) , although this identification had been disputed by Blondin et al. (2015) . (Thielemann et al. 1986; Iwamoto et al. 1999) and may be less sensitive to the metallicity of the progenitor (Höflich et al. 1998; Timmes et al. 2003) or the neutronization in the simmering phase (Piro & Bildsten 2008) . Highdensity burning is a hallmark of Chandrasekhar-mass DDT models, while sub-Chandrasekhar explosion models tend to underproduce stable neutron-rich elements (Seitenzahl et al. 2013) .
Spectra in the NIR obtained during the transition to nebular phase are still quite rare. Furthermore, the [Ni II] λ1.939 µm line is close to the strong telluric water vapor absorptions between H and K bands. Friesen et al. (2014) gathered four NIR spectra from the literature and two new observations of SN 2014J between 50 and 100 days past explosion. Only the two NIR spectra of SN 2014J had adequate wavelength coverage, telluric correction, and S/N ratio to detect the presence of this feature. The feature was also reported in the NIR nebular spectra of SN 2014J obtained by Dhawan et al. (2018) . With the CSP-II sample of ∼ 100 transitional to nebular phase NIR spectra of ∼ 40 SNe Ia, we aim to analyze the diversity in the properties of this feature. Figure 1 shows an example of our time-series data, taken of SN 2012fr. The feature reported by Friesen et al. (2014) was indeed also present in SN 2012fr and evolved to be its strongest feature in the K band during the transitional phase (+82 days past B maximum in Figure 1 ). By the nebular phase, the feature became much weaker, and our nebular spectrum at +367 days unfortunately did not have a high enough S/N ratio to confirm the presence of this feature. Further study on the modeling side is also planned to secure the identification of this line. [Fe II] 1.644 µm Nebular phase observations of line profiles can reveal the isotopic structure of the inner region. In particular, the forbidden [Fe II] 1.644 µm line is ideal for such studies, since it is strong and unblended. It can be used to measure the properties of the progenitor system and explosion, such as asphericity, initial central density, and magnetic field (Penney & Hoeflich 2014; Diamond et al. 2015 Diamond et al. , 2018 . Up to 200 days past explosion, the line profile can be used to analyze the overall chemical and density structure of the exploding white dwarf without considering the magnetic field, since the energy deposition by gamma ray photons dominates. Measurements of the central density can lead us to the accretion history of the pre-explosion white dwarf (Nomoto et al. 1984) and the amount of stable 58 Ni produced (Höflich et al. 2006) . Note that updated electron capture rates (e.g., Brachwitz et al. 2000) no longer yield enough stable iron group elements to produce the "flat-top" profiles emphasized by Maguire et al. (2018) , except in the most extreme cases. Rather, increasing central density widens the line width of the [Fe II] 1.644 µm line and the effects can be measured with moderate S/N ratio nebular spectra (Diamond et al. 2015 (Diamond et al. , 2018 . Going to even later phases, beyond one year past explosion, the time evolution of the line profile is sensitive to positron transport effects. The escape probability of the positrons, which directly influences the width of the [Fe II] line, depends strongly on the size and the morphology of the magnetic fields.
Central Density and Magnetic Field via
For the Chandrasekhar-mass DDT scenario, 3D hydrodynamical simulations consistently predict largescale mixing of the ejecta due to Rayleigh-Taylor instabilities during the deflagration burning phase (Röpke et al. 2006) , producing results which are inconsistent with observations. Recently, Hristov et al. (2018) found that the magnetic field plays an important role during this burning phase. Their magnetohydrodynamical study showed increasing suppression of the instabilities starting at ∼ 10 9 G. Such magnetic fields may be generated during the pre-explosive carbon-simmering phase of Chandrasekhar-mass explosions (Piro & Chang 2008) . Current measurements based on a handful of NIR nebular spectra of nearby SNe Ia indicated relatively high central densities and high magnetic fields (e.g., Penney & Hoeflich 2014; Diamond et al. 2015) . We are extending the analysis to the CSP-II sample of ∼ 20 NIR spectra of seven SNe Ia at phases beyond 200 days past explosion. Meanwhile, ongoing programs at Gemini and LCO, as part of CSP-II, continue to monitor the time evolution of the [Fe II] line profile of nearby SNe Ia.
6. SUMMARY This paper presents an introduction to the CSP-II NIR spectroscopy program, which we carried out from 2011 to 2015. This project represents an important step for any current and future SN Ia cosmological experiments based on the rest-frame NIR. These experiments have been shown to reduce errors by effectively circumventing the uncertain dust laws and empirical widthluminosity relation. The data set collected is unique in its large sample size, time-series observations, complementary light-curve and optical spectroscopic obser-vations, and improvement in the telluric regions. Such a sample makes it possible to quantify the representative NIR spectroscopic time evolution and diversity of SNe Ia, allowing NIR cosmological experiments to reach their true potential. By exploring the NIR wavelength window, many diagnostics for the explosion mechanisms and the progenitor systems of SNe Ia also become available. Understanding the origins of these events represents a second and independent way to reduce systematic errors in SN Ia cosmology. While our focus is on normal SNe Ia for cosmological studies, comparisons of NIR spectroscopic features between normal and peculiar SNe Ia (Figure 6 ), and between supernovae of various types (Figure 4) , highlight the identifying features and offer clues to the origins of these events. Software: firehose (Simcoe et al. 2013) , GELATO (Harutyunyan et al. 2008) , SNID (Blondin & Tonry 2007) , Spextool (Cushing et al. 2004) , superfit (Howell et al. 2005) , SYNAPPS , XDGNIRS, xtellcor (Vacca et al. 2003) a "C" and "P" indicate that the SN Ia is in the "Cosmology" and "Physics" samples, respectively.
b Host redshifts are from the NASA/IPAC Extragalactic Database (NED) or measured by CSP-II, unless otherwise noted.
c The column lists the ATel and CBET numbers for the SNe Ia classified by FIRE.
d The redshift is derived from the SN spectrum.
e The redshift of Coma Cluster is adopted. Table 2 . Number of NIR spectra by instrument and SN type
REFERENCES

